High throughput mass spectrometry has been motivated largely from recent developments in both chemistry and biology. For instance, in chemistry, the production of large populations of molecular libraries increases the probability that novel compounds of practical value will be found, yet also requires that their identity be confirmed and purity assessed [1] [2] [3] [4] [5] [6] . While many fields of research have been influenced by this approach, the largest investment has come from the pharmaceutical, biotechnology and agrochemical arena. In the field of drug development, high throughput chemistry represents a convergence of chemistry with biology, made possible by fundamental advances in automation, such as that of mass spectrometry [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . High throughput technology has even been extended to proteomics, where mass spectrometry is being used as a tool in rapid protein identification [20] [21] [22] .
Overview
High throughput mass spectrometry has been motivated largely from recent developments in both chemistry and biology. For instance, in chemistry, the production of large populations of molecular libraries increases the probability that novel compounds of practical value will be found, yet also requires that their identity be confirmed and purity assessed [1] [2] [3] [4] [5] [6] . While many fields of research have been influenced by this approach, the largest investment has come from the pharmaceutical, biotechnology and agrochemical arena. In the field of drug development, high throughput chemistry represents a convergence of chemistry with biology, made possible by fundamental advances in automation, such as that of mass spectrometry [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . High throughput technology has even been extended to proteomics, where mass spectrometry is being used as a tool in rapid protein identification [20] [21] [22] .
Electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry have become useful for qualitative, and more recently, quantitative analysis, aiding the development of mass spectrometry as a high throughput tool in these different fields ( Fig. 1) [2] [3] [4] [9] [10] [11] [12] [13] [14] [15] [16] . Moreover, the advancement of these techniques has significantly extended MS applications toward a wide variety of challenging problems in drug discovery and also toward the identification of effective new catalysts and enzyme inhibitors [3, 9, 10] . In addition, because MS based methods do not involve chromophores or radiolabelling, they provide a viable alternative to existing analytical techniques which typically require extensive sample preparation and optimization time, the disposal of biohazardous waste, or a significant amount of sample.
The utility of ESI lies in its ability to generate ions directly from the liquid phase into the gas phase, establishing this technique as a convenient mass detector for both liquid chromatography and automated sample analysis. In addition, ESI-MS offers many advantages over other mass spectrometric ionization techniques, including the ability to analyze low and high mass compounds, excellent quantitation and reproducibility, high sensitivity, simple sample preparation, amenability to automation, soft ionization, and the absence of matrix (as is necessary for MALDI). APCI, much like ESI, generates ions from a liquid stream, but is a somewhat harsher ionization technique than ESI. Because APCI imparts more energy Fig. 1 . Mass spectrometry in high throughput analysis involves the analyses of hundreds or thousands of compounds using atmospheric pressure ionization (API) liquid chromatography/mass spectrometry (LC/MS) or surface based laser desorption/ionization (LDI) approaches such as matrix-assisted laser desorption/ionization (MALDI) or desorption/ionization on silicon (DIOS) mass spectrometry.
into molecules for ionization than ESI, it is able to generate ions from less polar molecules than typically seen with ESI, but generally increases background signal along with that of the ion of interest. Fragmentation may occasionally occur using APCI, but the molecular ion is often still the most dominant. APCI is limited in its applicable mass range (<1000 Daltons) due to its inherent nature. A third atmospheric source, atmospheric pressure photoionization (APPI) has also begun to appear as a useful ionization tool [23] [24] [25] . This source uses photons emitted from a krypton discharge lamp (10.0 and 10.6 eV) to ionize molecules, and has been shown to be particularly effective for the analysis of steroids -molecules difficult or impossible to detect using other atmospheric pressure ionization techniques. MALDI-MS generates gas phase ions by the laser vaporization of a solid matrix/analyte mixture. MALDI is especially well suited for the simultaneous analysis of multicomponent mixtures and commercial instruments are now available that offer automation capabilities. Finally, DIOS generates gas phase ions by the direct laser vaporization of an analyte on a silicon surface. Since DIOS does not require a matrix, it does not create low mass interference and can therefore be used for small molecule analysis. In the following sections, the practical aspects of automated mass analysis are covered and also how the unique ionization properties of ESI, APCI, APPI, MALDI and DIOS have allowed mass spectrometry to become a powerful tool in high throughput analysis.
Automating atmospheric pressure ionization sources (ESI, APCI, & APPI)

Sample preparation/instrument configuration
"One bad apple does ruin the whole bunch" Mike Greig (Pfizer) The basic elements in successful mass analysis include sample solubility, sample purity, instrument calibration and sensitivity (is there enough sample present?). In automated mass spectrometry, where hundreds or thousands of analyses are performed each day, these elements become even more important. Solubility is a significant consideration, because if a sample turns into a suspension then the particulates can damage the MS system by clogging lines and autoinjectors. Filtering samples prior to their introduction into the MS system is one answer to this problem. Issues such as instrument calibration and sensitivity are primarily a matter of instrument maintenance and can be routinely monitored by incorporating standards at planned intervals.
Additional sample considerations in regards to automated analysis are: carryover, salt contamination, labeling, and sample introduction. Carryover is just as detrimental to mass analyses as clogging. Samples that easily ionize and are in the solution at high concentration are susceptible to carryover signal for subsequent analysis performed. The solution is simple, but adhering to minimized concentrations can sometimes be difficult because the individual researcher may not always know exactly how much material is present. One approach to overcome this problem is to randomly monitor the UV absorption at the beginning of a large run, as high absorbance measurements of the initial samples can be used as criteria to shut down the system, send out a warning, or in more advanced systems, divert the flow to waste before the material reaches the mass spectrometer. Concerning salt contamination, some instruments can be surprisingly tolerant of high salt levels in solutions. Fortunately, the problem of salt inhibiting electrospray ionization can be easily avoided by several methods, including Zip-tipping the sample or performing LC/MS. In regards to labeling, it is best to institute a labeling system prior to beginning a large number of samples. While this may seem obvious, the value of organizing and putting a little thought into the labeling scheme can be very valuable.
Another relevant question that is frequently being asked in MS laboratories is whether to perform flow injection or LC/MS. While LC/MS has become more rapid, often taking less than 5 minutes per run, flow injection is faster, typically requiring less than a couple minutes per analysis (and in some cases less than one minute). Also, with flow injection all the information can be obtained in one spectrum. The primary disadvantage is that significant signal suppression can occur when a complex mixture is introduced, thus resulting in a loss of information and possibly a dip in sensitivity. This is where LC/MS becomes especially advantageous with its ability to separate out the mixture components; but two disadvantages are the reduction in the speed of the analysis and the additional time required to analyze the data.
The type of sample being analyzed is yet another consideration with automated API analysis. Typically the analysis of large molecules requires parameter manipulation, such as that of the fragmentor voltage (also known as orifice potential) to obtain a reasonably good signal. Small molecule analyses will often give good ion signals (typical ions observed are shown in Table 1 ) under a large variety of conditions and therefore are easier to automate.
Further practical considerations for automated sample analysis include regulating flow rates, minimizing waste generation, venting, pump oil maintenance, solvent quality, safety and comfort. Lower flow rates allow the use of less solvent, which in turn generates less waste and minimizes some venting concerns. Of course, performing thousands of analyses at high flow rates requires consistent system maintenance including ionization source cleaning and regularly scheduled pump oil change, as pump oil breakdown can lead to many problems. Using high quality GC grade solvents (as opposed to LC grade which are only UV pure) is also advantageous for minimizing background ions which may be detected by MS. Importantly, safety and comfort around the instrument should be established as early as possible. 
Lastly, be sure to provide adequate space and ventilation around the instrument in order to access the system for inevitable problems that arise with all mass spectrometers.
Data analysis/software/storage
The ability to analyze the data from the mass spectrometer should be a major consideration when developing an automated mass spectrometry analysis system. While the instrumentation is becoming more and more reliable, the MS system software is constantly evolving. Therefore, it is becoming more important to define the problem and/or specific needs before searching for the system that will answer them. Whether it is to be used for routine batch analysis, high-throughput pharmokinetic studies, or a search for new inhibitors, the software programs associated with each of the manufacturers' different mass spectrometers will allow these problems to be tackled in different ways, some faster and better than others.
Data storage can also become an issue when generating large or numerous data files. An average MS data file requires anywhere from 25 Kb to 250 Kb of memory storage, so even the large hard drives in modern PCs can be overwhelmed rapidly. Currently, the more expensive magnetic based storage drives are fast, easy to use and rewritable. However the low cost CD-based storage mediums are also attractive, so a decision can be made depending on the cost (CD) to "ease of use" ratio (magnetic) as to what is most important. The writing, transferring, and eventual deletion of massive amounts of data quickly leads to hard drives that can be fragmented beyond repair. Consequently, it is important to defragment hard drives on a regular basis using any of a number of commercially available software packages.
Typical equipment being used for automated API analyses
API-MS systems may be configured with various mass spectrometers, each of which has its benefits and limitations. The quadrupole is by far the most commonly used mass analyzer because of its low cost, manageable size and robustness for coupling to liquid chromatographs. A quadrupole can provide adequate mass resolution and mass accuracy, but it is not the MS of choice for applications that require high performance measurements (Table 2 ). More importantly, the primary limitation of the quadrupole is its low sensitivity when detecting across a broad mass range, which may be a serious consideration when the mass of interest is not known in advance. As an alternative, both the quadrupole ion trap and the Very fast scan speed, simple design, good resolving power.
time-of-flight (TOF) mass spectrometers are viable analyzer options which address some of the inherent limitations of the quadrupole. Ion traps provide the unique means to perform multiple stages of MS for fragment identification, or ion-molecule reactions, with improved mass resolution over that achievable by quadrupole-MS. However, the ion trap still requires slow scanning for high mass resolution and may not be ideally suited for high speed analysis. In the movement towards high throughput-analysis, TOF systems have become increasing popular because they tackle many of the limitations of the previous two MS instruments. As a pulsed detector, TOF scan speeds are exceedingly fast, on the order of milliseconds. This pulsed detection does not discriminate against ion mass and so the m/z range is infinite, a quality unique to TOF analyzers. Lastly, with improved electronics incorporated into today's TOF systems, mass accuracy has been significantly enhanced and TOF MS is used routinely for mass accuracy measurements (<5 ppm), where mass formula validation or identification may be used.
Automated quantitative ESI-MS as an assay for enzyme inhibitors
Using the advantages of ESI-MS detailed, one specific application of automated ESI-MS is the investigation of inhibitor libraries designed to inhibit enzymatic glycosylation reactions [9] . In this approach, the entire enzymatic mixture (substrate, inhibitor, product, and internal standard) is introduced into the ESI mass spectrometer while analyzing for product formation as a function of the presence of inhibitor. Since only the product formation is quantitatively monitored, the effectiveness of the inhibitor can be readily determined.
As an example, we have applied this automated quantitative ESI-MS approach ( Fig. 2 ) to monitor inhibitors of galactosyltransferase [10] and fucosidase enzymes [9] . Both enzymes are responsible for processing cell-surface carbohydrates, which in turn are associated with many specific recognition and signaling processes leading to important biological functions and disease. Therefore, developing new 2. An enzyme reaction was monitored by an automated electrospray ionization mass spectrometry screening experiment for quantitative determination of galactosyltransferase inhibition. Each solution contains the enzyme, reactants, an inhibitor (inset), and an internal standard. (A) The total ion current (TIC) is recorded on each injection into the mass spectrometer. (B) Product formation is then monitored with respect to the internal standard during each injection as a bargraph, and (C) if an inhibitor is found to be effective, IC50 data can be generated using ESI-MS. assays and finding new inhibitors for glycoprocessing reactions is both medically relevant as well as scientifically interesting. To date however, only limited success has been achieved in the design of these inhibitors. Current assays for the quantitation of glycosyltransferase activity require the separation of the compounds, the use of radiolabeled sugars, the performance of large scale reactions, or the use of additional enzymes.
Experimental example of screening enzyme inhibition
In the first set of experiments, a galactosyltransferase catalyzed reaction was examined in the presence of potential inhibitors [10] . The 20 inhibitor candidate and 2 control reactions of the initial inhibitor library were assayed individually in 22 parallel reactions (Fig. 3) , and then quenched by adding MeOH The bargraph of the ratio product/reference generated from the mass spectrum of each reaction indicated which inhibitors were active. (Right) Quantitative data on the product of the galactosyltransferase catalyzed enzyme reaction was also monitored as a function of inhibitor concentration to generate the IC50 data.
(followed by the addition of an internal standard). The reaction mixtures were then injected directly into the electrospray mass spectrometer with an autosampler. The concentrations of the inhibitors were varied in order to determine the IC 50 (inhibitor concentration at 50% inhibition).
By monitoring one inhibitor at a time, we could examine the effectiveness of a new inhibitor every two minutes. In an effort to further increase the screening capacity, multiple inhibitors were screened against one enzyme simultaneously. The experiments were performed by pooling 5 potential inhibitors and the enzyme into one reaction vessel. The reactions that contained 5 inactive compounds showed no inhibition, whereas the reactions containing 4 inactive compounds and 1 active inhibitor (UDP) showed potent inhibition. The compounds in the inhibited reaction were then analyzed individually to identify the actual inhibitor compound. Such strategies increased the screening capacity five fold such that 1 inhibitor/2 min allowed for 720 inhibitors/day, while 5 inhibitors/2 min allowed for 3600 inhibitors/day.
While we have shown the effectiveness of this method in the screening of inhibitors for enzymes involved in carbohydrate processing, one can envision how this approach can be extended toward screening libraries of other classes of enzymes (such as enzymes with peptide-based substrates) or metal-catalyzed chemical reactions. It is important to note that the only criterion of this approach is that the substrate or product molecule is ionizable.
1 Million analyses/year: A case study
The task at hand was to analyze one million discrete compounds derived from high throughput chemistry in one year using an MS based technique. If one were to assume the syntheses yielded pure or at the least very clean reactions, the obvious choices would be to use either a rapid flow injection technique with any number of different types of instruments, or DIOS coupled with rapid sample preparation. In reality, where reaction yields can be anywhere from 10-90%, a chromatographic based MS technique will produce the best results when estimating purity. The three choices reviewed here are multiple LC/MS systems using a durable single quadrupole mass spectrometer, multiple LC systems flowing into a single MUX, or multiplexed, MS, or ultra-high speed super critical fluid chromatography (SFC) with a time of flight (TOF) MS. Each system can analyze about one million compounds per year, with their own advantages and disadvantages.
The simplest and most dependable method of achieving this throughput goal would be to use eight separate LC/MS systems. This option provides the most flexibility, as any combination of LC or mass spectrometer brands and types can be put into service with any combination of API sources. Additionally, should one system break down, there would be seven remaining systems continuing to produce data. Since modern LC/MS systems are quite robust, inexperienced operators can still obtain quality data. Assuming a 3 minute cycle time (time from injection to injection) on a system running an average of five days a week for 24 hours each day, eight systems could analyze 992,000 samples in one year. Although a seemingly simple solution, it would take considerable man power (to load instruments, analyze data, and perform preventative maintenance) to keep these systems operational. Additionally, data would be produced on eight different instruments, and the required laboratory space and capital investment for these systems is quite large.
A second option would be to use a single 8x MUX MS system fed by eight HPLCs. For ESI only systems, a MUX, or multiplexing system, is currently one of the more advanced for rapidly sampling from numerous HPLCs with one mass spectrometer (Fig. 4) [26] . The concept is simple in that multiple ESI sources are placed around the entrance to a TOF mass analyzer, then each source is sampled by Fig. 4 . Multiplexing multiple ESI sources onto a single mass spectrometer is one way of increasing sample throughput. This example shows eight ESI heads going into one time-of-flight mass analyzer. The mass analyzer samples each ESI head via a rotating rotor that rapidly moves from one ESI port to another. moving a rotor that allows only one ESI source to spray into the mass analyzer at a time. The advantages of this setup are that as many as eight different LC systems can be analyzed in parallel, one data set is acquired using a single data station, it needs relatively little bench space, and one skilled operator can keep the system operational. The disadvantages are that while this wheel is spinning, each channel is sampled less than 1/8 of the time, resulting in fewer data points across each peak. Because of this, slower LC methods must be employed, resulting in a "fast" run with a cycle time of five minutes. Using the slower LC method, this system could analyze about 750,000 compounds/year running in the same time frame as previously described. The second and major disadvantage is if the system or any single component is inoperative, there is no back-up system and no data will be produced until the entire system is repaired.
A third, lesser known option, is to couple supercritical fluid chromatography (SFC) with an API-TOF MS. SFC is rapidly gaining popularity in the pharmaceutical industry due to its high speed and applicability to most drug-like chemicals [6, 19, 27] . SFC is a normal phase chromatographic technique that uses compressed CO 2 as the mobile phase which is then modified by a polar solvent such as methanol. Be- Fig. 5 . Analysis of a complex mixture by the ultra-fast SFC method. SFC uses compressed CO2 as the mobile phase which is then modified by a polar solvent such as methanol to generate a gradient. Measurement of baseline separation of four eluting compounds within a window of 6 seconds is also facilitated by the fast 0.05 sec/scan data point sampling using an APCI-TOF-MS.
cause of the higher diffusivity and lower viscosities achieved by the mobile phase, SFC can be run at much higher flow rates than standard LC, with higher resolution. Running at 10 ml/min with a methanol gradient from 5-60% over thirty seconds, a forty second cycle time was achieved while still providing good resolution (Fig. 5) [28] . At this rate, with two instruments, 1.2 million samples per year could be analyzed. This system has several advantages over the previous two described above. Since there are duplicate systems, one system breaking down will not mean a complete loss of data. Only one or two skilled operators are needed, and the capital outlay is much lower than the previous options. Another major advantage comes in solvent usage and waste production. Both the MUX and multiple LC/MS systems require eight HPLC systems, each consuming a considerable amount of organic solvent. Two SFC systems, while at a much higher flow rate, consume about 17% of the organic solvent. ESI, APCI, and APPI have all been demonstrated to work well with SFC, so unlike a MUX system, there is a choice of API source. The major disadvantage of an SFC/MS system is that there are very few commercially supported systems available and few operators experienced with both SFC and MS.
In the examples discussed, API-MS was the mass spectrometric method of choice mainly because of its ability to analyze low mass compounds and its amenability to coupling with a chromatographic system. As the following section will show, MALDI-MS, although requiring the use of a matrix, or DIOS, which requires no matrix, offer many of the same advantages (automation, soft ionization, and excellent quantitation) and in addition are able to analyze high mass compounds and relatively heterogeneous mixtures.
Automating MALDI and DIOS-MS
One bad apple doesn't have to ruin the whole bunch Two of MALDI's and DIOS' greatest attributes are their ability to analyze complex heterogeneous mixtures and to scan many samples rapidly. This has made them valuable tools in the analysis of biological fluids, commonly performed by immunoassays, high performance liquid chromatography (HPLC) and HPLC/ESI-MS. Immunoassays, however, generally have low reproducibility and reliability, and provide little or no selectivity between a drug and its metabolites. This lack of specificity is a significant limitation, since metabolites, although structurally similar to the parent compound, often have different biological activity. In addition, both HPLC and HPLC/ESI-MS are relatively selective and accurate; the sensitivity of HPLC is very compound-dependent and method development and run times for both HPLC and HPLC/ESI-MS can be time-consuming. MALDI and DIOS mass spectrometric analysis, on the other hand, allows for co-extracted metabolites to be identified and quantitatively monitored (unless they have the same molecular weight). Therefore, there are tremendous benefits that can be gained from automating the MALDI analysis procedure.
Pattern searching
The automation of MALDI and DIOS analyses is becoming increasingly important in proteomics and combinatorial chemistry [5, 11, [20] [21] [22] . Typically, the instrument is designed to search for a signal from each sample well. Analyses are driven by a computer-controlled procedure that monitors for the ion signal as a function of laser position and laser intensity. To accomplish this, the computer workstation automatically adjusts laser intensity and searches the sample well until a signal (within the specified mass range and intensity threshold) is obtained (Fig. 6 ). Based on a careful preselection of autosampler options from manual analysis of the sample, each parameter (laser intensity, search pattern and step size in well, signal within a specified m/z range, and m/z range) is adjusted to minimize time of analysis and maximize signal quality.
In an example of work performed in our laboratory, what follows is a brief description of a MALDI and DIOS automation procedure (Figs 7 and 8) . The laser intensity was initially at a minimum energy setting of ∼2 µJ/pulse and was then increased up to a maximum of 50 µJ/pulse (as controlled by a variable neutral density filter) in step sizes of five increments, resulting in an increase in laser intensity of Fig. 6 . Three different parameters to adjust and monitor using the autosampler mode on a laser desorption/ionization system: (1) automatically adjust laser position, (2) automatically adjust laser intensity, (3) specify acceptable mass & intensity range for the signal. approximately 10 µJ/pulse per step. The laser intensity was increased until an acceptable data signal was acquired, whereby if no signal was observed, the laser beam was repositioned on the well and the analysis resumed at the lower laser power. To adjust the laser position on the sample plate, a pre-programmed spiral search pattern was used which began in the center of each circular well and spiraled outward in 0.2 mm increments. For each sample well analysis, only signals that reached a specified intensity were saved and once this signal was observed the analyses would automatically move to the next well. On average, the total time spent for each sample well analysis was 140 seconds. This included acquisition time for averaging 64 scans and a delay for adjusting laser intensity and repositioning the sample plate.
The careful selection of the acquisition parameters will affect the quality of the data acquired, the time of acquisition, and possibly the success of the experiment. Each parameter should be set with a range wide enough to allow for variation in the tested sample array, but as a smaller range will greatly reduce acquisition time, a balance is required.
Typical equipment being used for automated MALDI and DIOS analyses
Commercially available instrumentation possess automation packages and more companies are developing this capability. A few companies are also combining their instruments with liquid sample handlers that allow for the rapid deposition of matrix as well as sample.
Automated quantitation studies using MALDI-MS
Since some biofluids contain contaminants, it is often necessary to perform extractions for purification prior to sample analysis. In such instances, the development of an efficient extraction assay can be very time-consuming. In an effort to create a simpler and more efficient extraction protocol, we have developed a combinatorial extraction method to be used with automated MALDI mass spectrometry, ultimately to improve quantitative clinical analysis of the immunosuppressant drug cyclosporin A (CsA) [15] . This combinatorial-extraction approach was followed by analyses using a MALDI mass spectrometer equipped with automated multi-sampling capabilities to facilitate data collection and analysis of cyclosporin A (Fig. 8) . The organic layer extracted from each blood sample was placed on a MALDI sample plate (with a capacity for one hundred samples) and was then loaded into the mass spectrometer and analyzed using a computer-controlled algorithm. Extraction optimization was performed by generating an array of solvent systems, followed by automated analysis to identify successful extractions. The first generation of experiments revealed four binary solvent systems to be effective for cyclosporin extraction (hexane/EtOH, ACN/H 2 O, ACN/MeOH, hexane/CHCl 3 ). A new array based on these solvent systems was generated and in a second iteration of experiments, hexane/CHCl 3 (70 : 30) was found to provide the most effective and rapid (typically requiring 5 minutes to perform) single-step extraction for cyclosporin and its metabolites. The limits of detection were determined to be 15 ng/ml in whole blood for both ESI/MS and MALDI-MS and could be used to identify major drug metabolites.
In order to determine the efficiency of our new extraction procedure, it was compared to a previously developed "ether" extraction which typically required an hour to perform [13, 14] . Initially, calibration curves were obtained using the "ether" extraction (a plot of the ratio of int.[CsAH + + vs CsA concentration) with both the ESI and MALDI mass spectrometers (cyclosporin G, CsG, was used as the internal standard). The data exhibited a linear relationship in the concentration range (0 to 1500 ng/ml) ( Table 3) with an excellent correlation coefficient (R = 0.999) for both electrospray and MALDI.
Automated genotyping using MALDI-MS
Single-nucleotide polymorphisms (SNPs) are point mutations in the genetic material of individuals. These mutations appear with variable frequency between 1 in every 300-1000 nucleotides within the human genome [29, 30] making them the most common type of human genetic variation. While many mutations have little functional relevance, some have been linked to particular diseases. Genetic mutations have been implicated in cystic fibrosis, muscular dystrophy, Alzheimer's disease, and many forms of cancer including breast, ovarian and prostate cancer. Because SNPs are defined mutations both in type and locality of the changes, they will provide a rapid method for mapping genetic variability in a population and for determining genetic susceptibility to disease. For this reason, a massive effort has been underway to determine rapid high-throughput methods for mapping SNP mutations throughout the genome [31, 32] .
To enable genome-wide genetic studies using SNPs, dense genetic maps are needed, consisting of at least 1 informative SNP per 30 kilobases (1 × 10 5 total SNPs). In addition, to determine the clinical relevance of SNPs, comparative studies of the genetic differences between thousands of affected and unaffected individuals are needed. These undertakings require robust, flexible and inexpensive assays and platforms providing a high degree of multiplexing. MALDI-TOF is an important technology to facilitate high-throughput mapping of SNPs, offering speed and high specificity [33] . The time required for a typical MALDI-TOF analysis is very short, less than ten seconds, and the masses detected are based on the absolute mass for the molecules being analyzed. Most importantly, all the steps required for complete analysis can be automated. An example of MALDI-TOF analysis of an SNP on the human β-2 adrenergic receptor is shown in Fig. 9 . SNPs in the human β-2 adrenergic receptor are linked to a genetic predisposition to hypertension and are also implicated in cardiovascular disease [34] .
Common SNP analysis methods currently include the PinPoint assay and the simplified GOOD assay. The PinPoint assay is based on the addition of a single nucleotide to a genotyping primer complementary to the PCR analysis of point mutations, the products of which, short oligonucleotides, are then analyzed by MALDI-MS. This assay supports multiplexing by using mass-resolved primers, as demonstrated in a fivefold multiplex assay for mutations in exon 13 of the BRCA1 gene [35] , a twelve fold multiplex assay for amplifying loci that have a high degree of heterozygosity amongst healthy individuals [36] and the high throughput genotyping of the human Y chromosome [37] . The simplified GOOD assay is a purification-free, three-step method (PCR, primer extension and phosphodiesterase II digestion) performed in a single tube, immediately followed by MALDI analysis. A chemical modification procedure known as charge-tagging -the conditioning of products to carry either a single excess positive or negative charge-improves the sensitivity 100-fold and renders the allele-specific products insensitive to impurities such as the preparation buffers in MALDI. For MALDI analysis of SNPs, the reaction mixture can be diluted in acetonitrile [38] and then transferred onto matrix prepared MALDI target plates, such as α-cyano-4-hydroxy cinnamic acid methyl ester. Alternative matrix mixtures are 3-hydroxypicolinic acid in a 1 : 1 : 2 mixture of water, acetonitrile and 0.1 M ammonium citrate [39] and 10 mg/ml sinapinic in 2 : 1 water/acetonitrile solution [40] .
Characterization of molecules directly from the solid phase
The MALDI and ESI automation approaches of screening for enzyme inhibitor activity and optimizing extraction conditions, described in this manuscript, represent only two of the many ways in which mass spectrometry can be used in the field of high throughput chemistry. In addition to the development of new quantitative methodologies, the qualitative evaluation of combinatorial libraries is essential for the characterization of active compounds and for monitoring both the progression and efficiency of reaction pathways [1] [2] [3] . Because many libraries are synthesized on solid polymeric supports such as resin beads, this chemistry necessitates assays which allow for characterization directly from the solid support [5, 11] . The following section provides a description of MALDI-MS and photolabile linkers as a means of directly characterizing compounds from the solid phase.
Several reports have shown the utility of mass spectrometry in the characterization of compounds subsequent to their chemical cleavage from solid polymeric supports. Demonstrated here is a new MALDI approach which allows compounds covalently bound to a single polymeric bead (∼50 µm in diameter) or set of beads to be mass analyzed prior to their chemical cleavage from the resin [16] . The scheme, outlined in Fig. 10 , permits the characterization of resin-bound analytes in a single step, requiring no pretreatment of the sample to induce cleavage from the support. Therefore, peptides covalently linked to a polymeric support through a photolabile linker can be directly analyzed by MALDI-MS. This procedure is also suitable for monitoring chemical reactions on the solid phase.
The peptide KPAFLKPQFLG was manually synthesized from protected amino acids in a stepwise fashion using in situ neutralization/HBTU activation protocols for Boc chemistry. The synthesis was initiated on Br-Wang resin (obtained from Novabiochem, San Diego, CA) consisting of a brominated α-methylphenacyl linker attached to a polystryrene-1% divinyl benzene support. Prior to mass spectral analysis, resin samples were treated with 20% (v/v) piperdine in DMF in order to remove the Fmoc protecting groups, and then washed with 50/50 (v/v) dichloromethane/methanol.
Our primary goal in this work was to determine if the MALDI experiment could be used to simultaneously promote both photolytic cleavage (from the resin bead) and gas phase ionization of the analyte for subsequent mass spectral analysis. Therefore, ∼1 mg of the deprotected peptide resin was suspended in a large solvent volume (∼5 ml) in order to sufficiently dilute the residual free peptide in the sample to undetectable levels; resuspension in smaller volumes of solvent (0.01-1.0 ml), led to the detection of free peptide in the MALDI analysis of the supernatant. Presumably, trace amounts of peptide (<1 nmol or <1% of the resin bound material) were present as a result of photolytic cleavage by room light. A 2 µl ethanol/bead suspension containing ∼50 beads was then deposited on the MALDI sample plate, prior to the addition of 2 µl of a saturated ethanol solution of the matrix, α-cyano-4-hydroxycinnamic acid. Figure 10 shows the mass spectrum of the unprotected, resin-bound compound for which MALDI analysis yielded a characteristic [M + Na] + signal. Mass spectra obtained from a single bead with one laser pulse (3 nanoseconds in duration) indicated that photolytic cleavage and ionization of material from the bead occurred during the laser pulse, as the resin sample was not exposed to laser light prior to analysis. The rapid, one-step MALDI procedure for the direct analysis of resin-bound molecules described above is ideally suited for studying chemical reactions on the solid phase. As a demonstration of the utility of MALDI in such an analysis, the coupling reaction of a Boc-Arg(Tos) residue to the protected 11 amino acid peptide was monitored as a function of time (Fig. 11) . The reaction proceeded quickly and coupling appeared nearly complete in just six minutes.
The direct analysis of resin-bound molecules by MALDI offers several important advantages, including the lack of an additional cleavage step prior to mass analysis (often required by other methods of characterization). MALDI also requires less sample handling and more efficient management since the resin-bound compound can be easily recovered for subsequent manipulations (again, <femtomoles of material is consumed in typical MALDI analyses). The most significant advantage is that it can be used to monitor chemical reactions on the solid phase in real time, in much the same way that thin-layer chromatography is used to monitor reactions in solution. Furthermore, all analytes amenable to MALDI ionization should prove suitable for routine analysis by this procedure.
Conclusion/summary
The rapid growth of high throughput chemistry has created a need for faster, more accurate, and more sensitive analytical techniques capable of large-scale screening. Numerous improvements in speed, sen-sitivity and accuracy, together with innovations in both automation and quantitation, place mass spectrometry among the most powerful analytical techniques available today. There are now many analyzer options for high throughput analysis of compounds as well as multiple ionization techniques that have a much greater range of compatible compounds than were available even five years ago. Quantitative ESI-MS has been shown to be an effective assay for the identification of inhibitor activity in a combinatorial library, namely potent nucleotide inhibitors of a galactosyltransferase. Clearly, this approach can be applied to a variety of different reaction systems. A combinatorial extraction method in conjunction with an automated MALDI mass spectrometric procedure was also used to optimize the clinical analysis of the immunosuppressant drug CsA from whole blood. MALDI-based assays are versatile tools for the high-throughput genotyping of SNPs and other point mutations in human DNA. In addition, MALDI was shown to be an effective method for the direct analysis of resin-bound compounds (without chemical cleavage from the resin), an ideal technique for the identification/characterization of combinatorial compounds synthesized on solid supports. Furthermore, DIOS has recently been developed as an effective small molecule and proteomics tool and offers the potential of high throughput analysis of a wide variety of compounds. Overall, the strength of mass spectrometry lies in such versatility, making it a powerful analytical technique with which to characterize the diversity of compounds found in modern high throughput chemistry.
